Polymerase is a central enzyme involved in the biosynthesis of polyhydroxybutyrate (PHB), a well-known bacterial biodegradable polyester. In this study, we have established an in vivo assay system to analyze mutational effects of Ralstonia eutropha polymerase (termed PhbC Re ) on the level of PHB accumulation in recombinant strains of Escherichia coli. This in vitro evolution system consists of a polymerase chain reaction-mediated random mutagenesis and two assay procedures, a plate assay using a PHB-staining dye and a high-pressure liquid chromatographic assay based on the converting reaction from PHB to crotonic acid. The distribution pattern of the PHB accumulation level of the mutant population using 378 clones arbitrarily selected, suggested that the present level of PhbC Re is high and well-optimized. It is noteworthy that many of the amino acid substitutions affecting the PHB accumulation occurred in the conserved positions or regions within an`K/L hydrolase fold' which is commonly found among hydrolytic enzymes. From a good correlation with the level of PHB accumulation, an activity estimation of the PhbC Re would be efficiently achieved by monitoring the level of PHB accumulation using the in vivo assay system established here. ß
Introduction
Since polyhydroxyalkanoates (PHAs) were identi¢ed as environmental-friendly biodegradable plastics, the PHA production from renewable sources in microbes or plants has been an interesting commercial prospect due to lower carbon feedstock costs and capital investments [1] . E¤-cient recombinant production of PHA has been mainly achieved by gene dosage e¡ects such as enhancements in the copy number of expression vector or promoter activity [2, 3] . To establish further versatile production systems of PHA with desired properties, much attention should be paid to the quality alteration of the enzymes themselves relevant to the PHA biosynthesis. PHA biosynthesis is composed of two enzymatic reaction steps, substrate monomer supply and polymerization of the generated monomer units. In particular, polymerase is a key enzyme essential for the PHA biosynthesis. The performance of this enzyme is closely related to the PHA production level, chain length and polydispersity of the PHA generated, and compositional variation of the copolyesters upon copolymerization. Over 40 polymerase genes identi¢ed so far [4] , can provide some clues to predict important amino acid residues responsible for polymerization activity and protein structuring. Also, studies on substrate speci¢city and reaction mechanism have been done especially for polymerases from Ralstonia eutropha (formerly termed Alcaligenes eutrophus) [5] and Chromatium vinosum [6] . However, since nothing is known about the tertiary structure of polymerase, it is not easy to perform the protein engineering of polymerase.
In the present study, we have attempted to establish an in vivo system for mutational analysis of a polymerase based on polymerase chain reaction (PCR) random muta-genesis and two assay methods to estimate the level of polyester accumulation in recombinant Escherichia coli. For such an experimental evolution approach, the e¤cient use of bacterial cells is often e¡ective in exploring the sequence space of the enzyme, which is evolved to the aimed direction, as demonstrated for the other bioactive polypeptides [7^13]. R. eutropha polymerase (termed PhbC Re ), which has been biochemically the best-studied Class I enzyme [4] , was chosen here as a model target. Polyhydroxybutyrate (PHB), a typical PHA, can be synthesized and accumulated in E. coli by introduction of the phbC Re gene with monomer-supplying enzyme genes (phbA Re and phbB Re ). The two genes, phbA Re and phbB Re , encode a L-ketothiolase and an acetoacetyl-CoA reductase, respectively [2] . By using the in vivo system, we have examined a correlation of the activity of the PhbC Re with the level of PHB accumulation and have performed the functional mapping of amino acid residues which are responsible for the PhbC Re activity, based on the mutational e¡ects of the PhbC Re on the level of bacterial PHB accumulation. This is the ¢rst report to our knowledge on the random mutational analysis of the PHA biosynthesis-related enzyme, based on the in vitro evolution strategy.
Materials and methods

Materials, bacterial strains, plasmid, genetic procedures and culture conditions
All of the restriction enzymes and modifying enzymes for genetic engineering were purchased from TaKaRa Shuzo and used under conditions recommended by the supplier. All other chemicals were of biochemical analytical grade and were used without further puri¢cation. E. coli strains, JM109 [14] and UT5600 [15] , were used as hosts for transformation with plasmids and for PHB accumulation. The UT5600 strain was kindly provided by Professor Sinskey, Massachusetts Institute of Technology, MA, USA. The plasmid vector for PHB accumulation, pGEMP-phbCAB [16] , was used for construction of an in vivo system for mutational analysis of the PhbC Re , as described below. Preparation of the plasmid DNA from E. coli and the transformation of E. coli were carried out according to the standard procedures [17] . E. coli was routinely grown in Luria^Bertani (LB) medium at 37³C. LB medium supplemented with 2% glucose was used as a PHB accumulation medium. When needed, ampicillin (50 Wg l 31 ) was added to the medium. Growth was monitored by measuring the optical density at 600 nm. Fig. 1 shows a schematic diagram for construction of an in vivo system using the plasmid (pGEMP-phbCAB) harboring the phbCAB Re operon. A promoter upstream of the phbC Re gene transcribes the complete operon [18] . To introduce random mutations into the entire region of the phbC Re gene by error-prone PCR, forward and reverse primers were designed based on the nucleotide sequences outside of the structural gene (approximately 1.9 kb). The forward primer was 5P-GCCGGTTCGAATAGTGACG-G-3P (the underlined sequence shows a Csp45I site) and the reverse primer was 5P-GGGAACCTGCAGGCCTGC-CG-3P (the underlined sequence shows a Sse8387I site). pGEMP-phbCAB was used as a template for PCR muta- Fig. 1 . In vivo assay system for analysis of mutational e¡ects of the PhbC Re on PHB accumulation. Schematic £ow diagram of the system is illustrated. PCR-mediated random mutagenesis toward the phbC Re gene, preparation of a mutant library, primary plate assay of PHB accumulation in E. coli cells using a Nile red dye, secondary HPLC assay based on the conversion of PHB to crotonic acid, and nucleotide sequence determination and activity assay of the PhbC Re samples were carried out, as explained in detail in Section 2. For plate assay, all the clones were classi¢ed into four groups: an S group, with activity similar to the wild-type ; an M group, where activity is slightly lower than the wild-type ; an L group, where activity is clearly lower than the wild-type ; 0 means that no activity is detectable. genesis with the two primers under error-prone conditions [12] : addition of excess 5 mM MgCl 2 and 10% dimethyl sulfoxide to the 100.5 Wl of reaction solution containing 2.5 nM pGEMP-phbCAB, 0.025 U of La Taq polymerase, 0.1 WM each of the two primers, 0.2 mM each deoxynucleotide triphosphate, 10 mM Tris^HCl (rather high pH 8.8 at 25³C), 50 mM KCl, and 0.1 mg ml 31 bovine serum albumin (BSA). PCR was carried out using a program of 25 cycles of 94³C for 1 min, 50³C for 1 min, and 72³C for 2 min with a Gene Amp PCR System 9700 (Perkin-Elmer Applied Biosystems). These conditions should generate an error frequency of approximately one substitution per 1000 bases, or approximately one or two amino acid substitutions per phbC Re gene (approximately 1770 bases). After ampli¢cation, a mixture of the Csp45I^Sse8387I fragments including the randomly mutagenized phbC genes were religated into the same restriction sites of pGEMP-phbCAB to generate a mutant library. The resultant plasmids were introduced into E. coli JM109 cells and transformants were then spread on the LB plates containing 2% glucose, 0.5 Wg of Nile red dye ml 31 and 50 Wg of ampicillin ml 31 . As a negative control for PHB biosynthesis, pGEMP-phbAB was made by elimination of a 1.9-kb DNA fragment containing the phbC Re gene using BamHI sites (Fig. 1) .
Construction of an in vivo assay system
The change in PHB accumulation resulting from the introduction of mutations into the phbC Re gene was judged on the basis of the intensity of the pinkish pigmentation of the cells caused by binding of Nile red speci¢cally to the generated PHB at the initial growing phase of the cells. This viable-colony staining method using a £uores-cent oxazone, Nile red, was developed by Spiekermann et al. [19] to detect PHB and other PHAs directly via bacterial colonies grown on the plate. Determination of the cellular PHB content by gas chromatography (GC) was carried out as described previously [20] . The PHB content was de¢ned as the ratio of PHB to cell dry weight and expressed as a percentage. For more rapid and sensitive quanti¢cation of many samples on a smaller scale, the PHB content was determined by converting from PHB to crotonic acid by treatment with a hot concentrated sulfuric acid (H 2 SO 4 ) (refer to the previous paper [21] ). Samples for high-pressure liquid chromatography (HPLC) were prepared from lyophilysates of 1.5 ml cultivated cells and their weights were measured. For the conversion reaction to crotonic acid, PHB-containing dry cells (several mg) were digested in 1 ml of concentrated H 2 SO 4 at 120³C for 40 min, once cooled, diluted to ¢ve-fold with 0.014 N H 2 SO 4 , and ¢ltrated prior to HPLC. Ion-exclusion HPLC was carried out to measure the converted crotonic acid with a Shimadzu LC-10AVP system using Aminex HPX-87H ion-exclusion resin for organic acid analysis. Brie£y, samples were eluted with 0.014 N H 2 SO 4 at a £ow rate of 0.7 ml min 31 at 60³C. This operation temperature was e¡ective to separate a single peak of crotonic acid. Crotonic acid was measured at 210 nm and had a retention time of 20.4 min. A good correlation was obtained between values of the PHB content (by GC) and the amount of converted crotonic acid (by HPLC) (correlation coe¤cient of 0.99). The PHB content of each sample was determined from the amount of crotonic acid using the conversion rate (PHB/crotonic acid) of 1.81. The lower limitation for detection of PHB was 0.01% cell dry weight (corresponding to 100 pg of PHB). The content of PHB accumulated in the cells harboring the expression plasmid with wild-type phbC Re gene, reached the highest level at 14 h during the course of cultivation (data not shown). Therefore, 14-h cultivated cells were subjected to HPLC-based quanti¢cation of the PHB contents for wildtype and mutant enzymes.
The mutation points were analyzed by dideoxynucleotide chain-termination method using six synthetic primers including the PCR primers with a 310 Genetic Analyzer (Perkin Elmer). The sequencing reaction was carried out according to the instructions supplied with the dye terminator cycle sequencing kit (Perkin Elmer). The nucleotide sequence was analyzed with SDC-GENETYX genetic information processing software (Software Development Co., Tokyo, Japan).
Enzyme assay
Whole-cell extracts of recombinant E. coli were disrupted by sonication (TOMY UD-200). The CoA release activity of the PhbC Re in the cell extracts was determined spectrophotometrically by a discontinuous assay using chemically synthesized (R)-3HB-CoA and 5,5P-dithiobis(2-nitrobenzoic acid), as described by Gerngross et al. clones from L-group, were used to make the distribution curve (generally called`¢tness landscape' [24] ), plotted in descending order. The broken line denotes the averaged level of PHB accumulation by the wild-type clone. Eighteen mutants which were subjected to nucleotide sequence analysis (see Fig. 3 ) are marked by arrows. [22] . One unit of enzyme activity is de¢ned as the amount required to catalyze the transformation of 1 Wmol substrate min 31 mg 31 of total cellular proteins. The concentration of total cellular proteins was determined by the method of Bradford [23] using a Bio-Rad Protein Assay kit (Hercules, CA, USA) and BSA as the standard.
Results and discussion
Construction of an in vivo system for mutational analysis of the PhbC Re
An in vivo system for analysis of the mutational e¡ects of polymerase (PhbC Re ) on the PHB accumulation was constructed by combination of PCR random mutagenesis and two assay systems of the PHB accumulation level in E. coli, a plate assay and a HPLC-based assay (details are described in Section 2, see schematic drawing in Fig. 1 ). PHB is synthesized in a three-step pathway by the successive monomer-supplying enzymes (PhbA Re and PhbB Re ) and the polymerase (PhbC Re ). The phbCAB Re operon is constitutively expressed from its own promoter in E. coli [18] . A system was designed in which the level of PHB accumulation is attributed to the only change in PhbC Re activity by maintaining the level of monomer-supplying equivalent among mutants of the PhbC Re . Namely, in vitro random mutagenesis was applied directly to the only phbC Re gene on the plasmid vector pGEMP-phbCAB. A mutant library of the phbC Re gene was prepared by colony formation (here termed`clone') of transformant cells of E. coli JM109. The sensitive staining method with Nile red used for the detection of PHB within the cells was expected to be useful for estimating the in vivo activity of the PhbC Re . Based on visual monitoring of the cells colored by the dye, PHB non-accumulating clones provably caused by inactivation of the PhbC Re were calculated to be approximately 20% (1250 clones) of a total of 6240 clones.
Variation of mutant enzymes
All of the active clones thus obtained were roughly classi¢ed into three groups, similar (S), medium (M) and low (L), in which the levels of PHB accumulation were, respec- [27] is commonly shared with all polymerases belonging to Classes I to III [26] and is assigned to positions 270^526 of the PhbC Re . The corresponding regions are shaded. The active site residue, cysteine (C319, marked by a closed triangle), is located within a lipase box-like sequence (G-F-C319-V-G-G) in the K/L hydrolase fold region. The N-terminal non-conserved region (positions 1^98) is dotted. HA, hydroxyalkanoate; scl, short-chain-length (consisting of 3^5 carbon atoms); mcl, medium-chain-length (consisting of 6^14 carbon atoms).
tively, similar to, slightly lower than and clearly lower than the level of wild-type clone. The number of clones belonging to the S, M and L groups were 48, 3120 and 1822. All the 48 S-group clones and the arbitrarily selected clones belonging to the M group (310) and L group (20) were subjected to HPLC analysis which allowed further precise estimation of the PHB accumulation level. Fig. 2 shows the distribution pattern of the PHB accumulation level of the whole mutant population (378 clones) selected. An almost continuous distribution curve was obtained by arranging the HPLC values in the order of the PHB content ranging from 0.5 to 69%, suggesting a complete variety of enzymes with di¡erent mutations falling into the phbC Re gene. This type of distribution pattern is de¢ned as the`¢tness landscape' in general and provides an index of the potentiality of an enzyme for directed evolution [24] . The ¢tness landscape obtained here shows that the wild-type enzyme is located near the top of the hill, indicating that the present enzyme is fairly optimized for PHB accumulation. Until now, no clone with a distinctly higher PHB accumulation has been found.
Functional mapping of the PhbC Re based on amino acid substitutions
Fig . 3 shows the positions (marked by bars) where the amino acid residues were substituted for 18 clones (see Fig. 2 for their PHB contents) arbitrarily selected from M and L groups. Nucleotide sequence analysis revealed that various mutants carrying 1^3 point mutations were evenly distributed over the coding region. As for non-synonymous mutations, there were 10 single mutants, six double mutants, and two triple mutants, and none had multiple identical mutations. No insertion or deletion mutations were found.
PHA polymerases are categorized into three classes with respect to primary structure and substrate speci¢city [4] . The PhbC Re is the best-studied member of Class I polymerases. In Class II polymerases mostly found in pseudomonads, two phaC genes for PhaC1 and PhaC2, similar to each other in primary structure and substrate speci¢city, are arranged in tandem on the same pha loci. Polymerase categorized into Class III is a two-subunit enzyme encoded by the phaE and phaC genes. From analysis with a domain database, Pfam [25] , we found that all PHA polymerases (across Classes I to III) seem to possess an K/L hydrolase fold region [26] , as illustrated in Fig. 3 . This fold is commonly found among several hydrolytic enzymes which have widely di¡ering phylogenetic origins and catalytic functions [27] . A region consisting of approximately 250 amino acids carrying this fold was found in all of the polymerases identi¢ed in over 40 bacteria, and was assigned to positions 270^526 of the PhbC Re . The cysteine (C319) that is essential for covalent catalysis [28] , is located within a lipase box-like sequence (G-F-C319-V-G-G) in the K/L hydrolase fold region.
The following speculations can be drawn from the mutational e¡ects on PHB accumulation together with sequencing results. Many mutations leading to a reduced but not non-detectable PHB accumulation lie in well-conserved regions in particular within the K/L hydrolase fold region. These functional mapping data support the reliability of assignment of the K/L hydrolase fold region in the PhbC Re . Also, it is of interest that two single amino acid substitutions, S35P (B-7: 33%) and S80P (E-11: 22%), in the non-conserved region (positions 1^98) caused a decrease in the PHB accumulation. Through functional mapping of mutant enzymes like these, one could predict the amino acid residues that are responsible for enzymatic properties such as activity, dimer formation [5, 22] , and stabilizing factor(s) for the polymerase molecule on the hydrophobic surface of a PHB granule.
Comparison between bacterial hosts in PHB accumulation
To elucidate an E. coli host dependency of the PHB accumulation, UT5600 strain, which has been often used for functional production of polymerase [5, 6, 22] , was compared with JM109 strain for the level of PHB accumulation using seven mutants (B-1, P-5, E-11, 1-11, M-22, 2-12 and 1-14) with the wild-type. As can be seen in Fig. 4 , a similar relative value of PHB contents to each other between the wild-type and mutants was obtained for both strains, though their absolute values were di¡erent. Such di¡erence in the level of PHB accumulation was also observed for seven E. coli strains harboring the same PHB biosynthesis gene set (phbCAB Re ) [29] . Accordingly, it was and the wild-type enzyme were examined for JM109 and UT5600 strains of E. coli. PHB content was measured as described in Section 2. The data shown are means from two (for UT5600 strain) or three (for JM109 strain, with þ S.D.) independent experiments. suggested that the in vivo assay system is e¡ectively functional for various bacterial hosts.
Correlation between the PhbC Re activity and the level of PHB accumulation
Finally, we assayed the polymerase activities of the above-described seven mutants together with the wildtype enzyme. The PhbC Re activity was correlative with the level of PHB accumulation, as shown in Fig. 5 . This implies that the PhbC Re activity would be a primary factor in determining the level of PHB accumulation in vivo, when su¤cient monomer substrates could be supplied for the PHB biosynthesis. In other words, one can predict the PhbC Re activity by monitoring the level of PHB accumulation based on the in vivo assay system established here. A similar result was also obtained for the case of the UT5600 strain (data not shown). For further precise characterization of mutant enzyme(s) of interest, in vitro polymerization analysis is required. If the tertiary structure of this enzyme could be resolved, the functional mapping data obtained here would be useful for understanding the structure^function relationship.
The in vitro evolution strategy adopted in this study is generally applicable to exploring any other properties, such as thermostability and substrate speci¢city, of any enzymes related to the PHA biosynthesis, when an adequate method of mutagenesis and selection is applied.
